Background--Excess accumulation of abdominal subcutaneous (SAT) and visceral adipose tissue (VAT) is associated with adverse levels of adipokines and cardiovascular disease risk. Whether fat quality is associated with adipokines has not been firmly established. This study examined the association between abdominal SAT and VAT density, an indirect measure of fat quality, with a panel of metabolic regulatory biomarkers secreted by adipose tissue or the liver independently of absolute fat volumes.
angiogenesis, 9 hypoxia, 10 and fibrosis, 11 are also associated with metabolic and cardiovascular disease (CVD).
Computed tomography (CT) imaging techniques allow for the indirect quantification of abdominal fat quality by assessing the density of adipose tissue by radiographic pixels that are denoted in Hounsfield units (HU) and referred to as attenuation. 12 Our previous study utilized abdominal SAT and VAT density as an indirect measure of fat quality to explore the association with CVD risk factors. In that study, lower fat density (ie, more-negative CT fat attenuation) was associated with adverse cardiometabolic risk, including higher blood pressure, insulin resistance, triglycerides, and lower highdensity lipoprotein levels cross-sectionally. 13 To further promote the mechanistic understanding of fat quality, we sought to explore the cross-sectional associations between abdominal fat density with a panel of circulating biomarkers mainly released by adipose tissue (adiponectin, leptin receptor, leptin, and fatty acid-binding protein 4 ) and by both adipose tissue and the liver (retinol-binding protein 4 and fetuin-A). On the basis of our previous findings regarding the inverse association of abdominal adipose tissue density with cardiometabolic risk, we hypothesized that lower SAT and VAT density would be associated with adverse levels of adipokines, even after adjusting for generalized adiposity (body mass index [BMI] ), central obesity (waist circumference), and respective abdominal adipose tissue volumes.
Methods Study Sample
The Framingham Heart Study was initiated in 1948 as a community-based observational study to explore the association between CVDs and related risk factors with lifestyle, environment, and inheritance. 14 The present study drew participants from the multidetector CT substudy of the Third Generation Framingham cohort who underwent imaging from 2002 to 2005. Detailed information of the Third Generation cohort of the Framingham Heart Study has been previously described elsewhere. 15 For the present investigation, we included participants who had data on (1) abdominal adipose tissue volume and attenuation evaluated by multidetector CT; (2) circulating biomarker levels, including adiponectin, leptin receptor, leptin, FABP-4, RBP-4, and fetuin-A; and (3) covariates. Among 2117 participants from the initial recruitment of the multidetector CT cohort, 250 participants were excluded because of a lack of abdominal fat and biomarker values. An additional 38 participants were excluded because of missing covariates, resulting in a total of 1829 participants (86.4% of those eligible) in this investigation. The study protocol was approved by the institutional review boards of the Boston University Medical Center and Massachusetts General Hospital. All participants provided written informed consent.
Abdominal Subcutaneous and Visceral Adipose Tissue Volume and Density
A total of 25 consecutive slices of abdomen were obtained while participants lay in a supine position by an 8-slice multidetector CT scanner (LightSpeed Ultra; General Electric, Milwaukee, WI) with a thickness of 5 mm, tube voltage of 120 kVp, and radiation dose of 3 to 5 mSv. 12 The assessment of abdominal adipose tissue quantity and density was performed by evaluating the CT slides with a three-dimensional (3D) workstation tool (Aquarius 3D Workstation; TeraRecon Inc, San Mateo, CA). The trained technicians designated the region of interest by manually outlining the abdominal muscular wall. Subsequently, the region of SAT and VAT compartments were automatically identified based on the radiographic pixel threshold between À195 and À45 HU with center attenuation of À120 HU. Mean SAT and VAT volumes in cm 3 and attenuation in HU were recorded.
Previously, high reproducibility of these abdominal CT measurements were confirmed, with inter-and intrareader reliability greater than 0.99.
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Adipokines
The group of circulating biomarkers produced by adipose tissue only (adiponectin, leptin receptor, leptin, and FABP-4) and by both adipose tissue and the liver (RBP-4 and fetuin-A) were evaluated. Blood samples were collected after a minimum of 8 hours of overnight fasting and analyzed following standard protocols. 
Measurement of Covariates
BMI was computed as body weight in kilograms divided by height in meters squared. Waist circumference was assessed by a measuring tape at the horizontal level of the umbilicus to the closest 0.25 inch. A series of questionnaires were administered to document the clinical history and lifestyle patterns of the participants, including current use of hormone replacement therapy, current smoking, alcohol use, and physical activity level. Current smoking was specified as those who smoked at least 1 cigarette per day within the previous year. Participants were considered moderate-to-heavy drinkers based on the consumption of >7 drinks/week for women and >14 drinks/week for men. Physical activity was evaluated using a questionnaire-derived physical activity score, which incorporated the time individuals participated in different levels of physical activity, taking into account the required oxygen consumption for each of the activities. 16 
Statistical Analysis
We conducted a sex-specific analysis because of the differences in women and men regarding fat distribution and the circulating biomarker levels. 13, 17 All the adipokines were natural logarithmically transformed to normalize their skewed distributions. Age-adjusted partial Pearson correlation coefficients were computed to examine the association between abdominal CT fat density and natural log-transformed biomarkers. Multivariable-adjusted linear regressions were performed to assess the association between fat density (independent variable) and each of the natural log-transformed biomarkers (dependent variable) with a separate model performed for each association tested. Multivariable adjustment included age, hormone replacement therapy (women only), current smoking, alcohol use, and physical activity score. We also examined whether the associations were independent of measures of obesity by additionally adjusting for BMI, waist circumference, or respective fat volumes. The b-coefficients computed in these models describe the estimated association in the natural logtransformed biomarkers for a 5-unit (%1-SD) decrement in fat density.
Tests for sex interaction were also conducted using multivariable-adjusted linear regression. As a secondary analysis, the multivariable-adjusted least-square means for each of the biomarker levels by sex-specific tertiles of CT fat volume within tertiles of CT fat density were examined.
A 2-tailed P value less than 0.05 was considered statistically significant. We did not further adjust for multiple testing because the purpose of this investigation was principal hypothesis generating (ie, to identify potential associations between abdominal fat density and a panel of adipokines). All statistical analysis was performed using SAS software (version 9.2; SAS Institute Inc., Cary, NC).
Results
Descriptive Characteristics
Clinical, adiposity, biomarker, and lifestyle characteristics of the 821 women and 1008 men (overall mean age, 45 years) included in the study are shown in Table 1 . Median SAT and VAT attenuations were À103.3 and À91.5 HU in women and À100.7 and À91.5 HU in men, respectively.
Age-Adjusted Correlations With Abdominal Fat Density and Adipokines
Age-adjusted, sex-stratified Pearson correlation coefficients between abdominal fat density and natural log-transformed biomarkers are given in Table 2 . Higher (ie, more-positive CT fat attenuation) SAT and VAT density was correlated with higher levels of adiponectin and leptin receptor (r values ranged from 0.18 to 0.41) and lower levels of leptin and FABP-4 (r values ranged from À0.69 to À0.44) in both sexes (all P<0.001). In women, higher SAT density, but not VAT density, was correlated with lower RBP-4 (r=À0.18; P<0.001). In men, higher SAT and VAT density were correlated with lower RBP-4 (r=À0.14 for SAT, r=À0.18 for VAT; both P<0.001). In both women and men, higher VAT density, but not SAT density, was weakly correlated with a lower level of fetuin-A (both sexes r=À0.07; P<0.05).
Multivariable-Adjusted Regression Models for Abdominal Fat Density and Adipokines
The association of natural log-transformed biomarkers per 5-HU (%1-SD) decrement in fat density is shown in Table 3 after covariate adjustment. Lower SAT and VAT density was associated with lower adiponectin and leptin receptor levels, but higher leptin and FABP-4 levels in both sexes (all P<0.0001; Table 3 ). Lower SAT density was associated with higher RPB-4 levels in both sexes; whereas lower VAT density was associated with higher RPB-4 in men only (all P<0.0001). Next, the regression models were further adjusted for BMI, waist circumference, or respective abdominal fat volumes (SAT volume for SAT density model and VAT volume for VAT density model; Table 3 ). When we additionally adjusted for BMI or waist circumference, the association with fat density generally decreased, but remained statistically significant with adiponectin, leptin, and FABP-4 in women; and with adiponectin, leptin receptor, leptin, FABP-4, and RBP-4 in men (all P<0.05). In women, after additional adjustment for the respective abdominal fat volume, SAT density maintained the associations with most of the biomarkers, as compared to VAT density. In men, further adjustment for the respective CT fat volume weakened the relationships between fat density and metabolic biomarkers; however, all of these associations remained statistically significant (all P<0.005).
Secondary Analyses
We further tested for sex interactions between abdominal fat density and metabolic biomarkers based on the multivariable model. In general, the magnitude of the estimated b-coefficients between abdominal fat density and the given biomarkers were similar between women and men ( Table 3) . The only notable exceptions were SAT density with leptin receptor (P=0.02) and leptin (P=0.001); and VAT density with RBP-4 (P=0.03), where the magnitude of associations were stronger in men, as compared to women.
Finally, we explored the association between abdominal fat density and the circulating biomarkers with the respective abdominal fat volumes. The multivariable-adjusted means of each biomarker are presented in Figure and Figure S1 according to the sex-specific tertiles of SAT and VAT volume by tertiles of SAT and VAT density. In general, higher tertiles of SAT and VAT HU (ie, lower fat density), within greater tertiles of respective fat volume (ie, greater fat volume), were associated with relatively lower levels of adiponectin and leptin receptor and higher levels of leptin, FABP-4, and RBP-4. However, for women with the lowest adipose tissue volume (SAT and VAT volume tertile 1), the inclusion of adipose tissue volume changed the direction of the association of fat density with leptin, leptin receptor, and RBP-4 (Figure and Figure S1 ).
Discussion Principle Findings
In this cross-sectional, community-based observational study, we related CT-derived abdominal adipose tissue attenuation with a panel of circulating biomarkers released by adipose tissue or liver. Lower abdominal fat density was associated with adverse levels of circulating biomarkers; in particular, lower adiponectin and leptin receptor levels and higher leptin, FABP-4, and RBP-4 levels in both women and men. A majority of these associations remained statistically significant even after additional adjustment for generalized adiposity (BMI), central obesity (waist circumference), or respective abdominal adipose tissue volumes. Moreover, lower adipose tissue density with greater adipose tissue volumes was associated with adverse levels of circulating biomarkers consistent with greater cardiometabolic risk.
In the Context of the Current Literature
Greater accumulation of abdominal adipose tissue volumes is associated with adverse concentrations of the circulating biomarkers of metabolic regulation. [18] [19] [20] Yet, the quality of abdominal adipose tissue assessed by radiographic imaging techniques is relatively new, because only a few human-based studies have been reported in recent years. 13, 17, 21, 22 To our knowledge, only 1 previous study explored the associations between SAT and VAT HU with a panel of adipose tissuederived biomarkers, referred to as adipokines, in an older population (ages 65 and older) and in nonhuman primates. 17 In that report, lower attenuation of CT fat was associated with larger adipocyte size, as well as lower adiponectin and higher leptin levels. 17 Our study observed similar findings, and we extend the literature to a more-comprehensive panel of circulating biomarkers (including leptin receptor, FABP-4, and RBP-4) and a broader age range of individuals. In our study, a few significant sex interactions between abdominal fat density and metabolic biomarkers were detected. The most distinctive sex interactions were identified between SAT density with leptin receptors and leptin, where the associations were more pronounced in men. Previous studies have explored differences in adipogenesis between women and men in the aspects of adipose tissue cellularity. [23] [24] [25] Progression to obesity was associated with adipocyte hypertrophy in both women and men; and adipocyte hyperplasia only in women. 23 These findings support the sexual dimorphism in the process of adipose tissue remodeling. In addition, the size of the adipocyte derived from SAT and VAT was larger in men than women, even after adjusting for BMI. 26 In our study, CT attenuation of adipose tissue was implicated as a surrogate measure of fat quality because lower attenuation of adipose tissue assessed by CT corresponded to larger adipocyte size 17 with highly vascularized tissue. 27 Of note, larger adipocytes were associated with higher expression of leptin mRNA, 26 which may explain our findings of a more pronounced association between fat density and leptin in men, as opposed to women. However, further studies are necessary to elucidate the differences in the mechanism in women and men linked with adipose tissue quality and a broad array of adipokines.
Potential Physiological Mechanisms
Consistent with our a priori hypothesis, lower abdominal fat density was associated with adverse concentrations of circulating biomarkers, although the underlying mechanisms, particularly the causal association between abdominal fat density and the panel of biomarkers, remain unclear. There are several potential mechanistic explanations for our findings. One potential explanation is that lower attenuation of CT fat is an indicator of adipose tissue with dense lipid content consisting of large adipocytes that are filled with enlarged lipid droplets. 28, 29 Enlarged adipocytes may reflect the insufficient proliferation of adipocytes attributed to impaired adiopogenesis in the state of obesity. [30] [31] [32] [33] Larger adipocyte size has been related to increased metabolic activity and greater secretion of adipocytokines, including adiponectin and leptin. [34] [35] [36] Insulinstimulated glucose uptake and protein expressions that are essential for lipid, fatty acid, and glucose metabolism appear to differ between small and large adipocytes. 37, 38 Collectively, dysfunctional secretion of adipokines induced by hypertrophied adipocytes may provide insight into the pathophysiological associations between hypertrophied adipocyte and adverse cardiometabolic risk factors. [39] [40] [41] [42] [43] Second, the low attenuation of CT fat may reflect adipose tissue that is not affected by adipose tissue fibrosis, which allows the extracellular matrix remodeling of adipose tissues to accommodate adipocyte expansion. 21, 44 This notion can be supported by the association between elevated urinary connective tissue growth factor (ie, a marker of systemic fibrosis) and higher CT fat attenuation. 21 In line with this, a dose-dependent reduction of collagen type VI a3 gene expression (ie, gene that encodes fibrotic extracellular matrix protein) by leptin support the regulatory effect of leptin on cellular fibrosis. 45 Taken together, the higher secretion of leptin may suppress adipose tissue fibrosis and subsequently contribute to expandability of adipocytes. Third, fat quality may be related to metabolic regulatory biomarkers by systemic inflammation. Obesity is associated with a chronic, low-grade inflammatory response with upregulation of proinflammatory adipokines that promote systemic inflammation, 46 In addition, there are other potential mechanisms that may elaborate our findings. Lower attenuation of CT fat as a marker of poor vascularity 27 and cellular hypoxia 13 may explain the association between fat quality and adverse levels of adipokines. More specifically, cellular hypoxia developed along with adipocyte hypertrophy may be one of the key factors given that secretion of adipose tissue-derived biomarkers is considerably modified under hypoxic conditions. 10 Importantly, reduced vascularity is accompanied by more adipose tissue hypoxia as a consequence of the progression to obesity. 52 Taken globally, these aforementioned findings add to the growing body of the literature for the potent mechanistic explanations between fat quality and adipokines.
Implications
Our findings suggest that abdominal SAT and VAT density, an indirect measure of abdominal fat quality, may be a potential indicator of cardiometabolic risk associated with metabolic regulatory biomarkers. Accordingly, our data raise the possibility of using abdominal adipose tissue quality assessed by CT as an indicator to identify individuals at high risk for developing cardiometabolic disease. Further studies are necessary to explore the causal association between fat density and levels of circulating biomarkers, as well as whether the quality of abdominal adipose tissue has a pathogenic impact on metabolism through its relationship with metabolic regulatory biomarkers.
Strengths and Limitations
The strengths of this study include the use of a highly reproducible and noninvasive measurement of abdominal CT fat quality in a large, community-based sample. Limitations include the cross-sectional and observational design that precludes the temporal and causal inferences between abdominal adipose tissue density and circulating adipokine levels. The majority of the participants were white; our findings cannot be generalized to other ethnicities. Serum fatty acids and triacylglycerol were not measured. Finally, we have used fat attenuation assessed by CT as a proxy for fat quality. Mechanistic studies are necessary to better understand the underlying cellular and histological characteristics of this novel imaging measurement.
Conclusions
Low abdominal SAT and VAT density is associated with adverse levels of circulating adipokines, suggestive of greater cardiometabolic risk independent of generalized adiposity (BMI), central obesity (waist circumference), and respective abdominal SAT and VAT quantity.
